The band shifts of C−H on imidazolium ring and the functional groups in 2,6-DMP indicated that the occurrence of intermolecular interactions by different mechanisms (i.e., hydrogen bonding or π-π stacking) resulted in 2,6-DMP dissolution. In the case of x IL =0.12, the slightly hydrogen-bonded water was fully destroyed and [C 4 C 1 im]Cl existed in the form of hydrated ion pairs. Interestingly, the maximum 2,6-DMP solubility (238.5 g/100 g) was achieved in this case. The interactions and microstructures of [C 4 C 1 im]Cl-water mixtures influenced the dissolution behavior of 2,6-DMP.
IR) spectroscopy is a non-invasive technique and highly sensitive to different molecular circumstances. It has been used to analyze molecular interactions between water and IL [11−14] . Cammarata et al. [11] found through IR spectroscopy that water molecules absorbed by imidazolium-based ILs from air mainly interacted with anions and existed in symmetric anion-HOH-anion hydrogen-bonded complexes. Kim et al. [27] investigated the aqueous mixtures of 1-butyl-3-methylimidazolium-based ILs with different anions ([C 4 C 1 im]X, X=Cl − , Br − , I − , and BF 4 − ) by using the ATR-IR and proton nuclear magnetic resonance (NMR) analyses. Upon the introduction of water to screen the electrostatic forces and separate the ions, both IR and NMR spectra revealed that the hydrogen-bonding strength followed the order C2−H· · · Cl>C2−H· · · Br>C2−H· · · I. The relative positions of halide anions with respect to the imidazolium ring were different from that of the BF 4 − anion because of the natures of the anion-cation interactions.
Compared with IL-water mixtures, ternary systems based on IL-water mixtures have been given less attention. Cláudio et al. [28] found that the ILs as hydrotropes enhance the solubility of hydrophobic substances in aqueous media. They speculated that the formation of IL-biomolecule aggregates was a crucial f-actor that influenced solubilization. Miki et al. [25] measured the excess partial enthalpy of 1-propanol in 1-butyl-3-methylimidazolium chloride ([C 4 C 1 im]Cl)-water mixtures. The effects of [C 4 C 1 im]Cl on the molecular organization of water in the mixtures were evaluated by thermodynamic analysis. They found that water molecules are attracted to the delocalized positive charge of the imidazolium ring in water-rich regions. The bulk of water is influenced such that the global probability of hydrogen bonding is reduced.
Investigation of molecular interactions during lignin dissolution in IL-water mixtures has been limited by the complexity of lignin. Most studies about lignin were performed from model compounds. 2,6-Dimethoxyphenol (2,6-DMP), a phenolic monomer model compound, was used in this work. The molecular interactions in the ternary mixtures of [C 4 C 1 im]Cl-water-2,6-DMP were investigated by using ATR-IR spectroscopy in comparison with that of the [C 4 C 1 im]Cl-water binary mixtures. This study provides a general understanding of lignin dissolution in IL-water mixtures.
II. EXPERIMENTS

A. Chemicals and preparation of solutions
The IL, [C 4 C 1 im]Cl (purity>99% and water content <0.4%), was purchased from Lanzhou Institute of Chemical and Physics, and used without any further purification. The water used was double distilled and further treated using a CSR-1-20 highpurity water system (specific electronic conductivity, ∼0.055 µS/cm). Each ATR-IR spectrum was corrected for evanescent wave penetration depth, and proper normalization was needed for the comparison. The second derivatives of the IR spectra were directly obtained using an online processing system. The 2,6-DMP was gradually added to 2 g of the [C 4 C 1 im]Cl-water mixtures in a small screw-capped flask, each of which was equipped with a magnetic stir bar. The suspensions were stirred in a water bath at 303.15 K. Dissolution of the 2,6-DMP was observed by the naked eye (homogeneous solutions were clear and no undissolved particles were found). Each test was performed thrice to measure the error limit. The attribution and analysis of the IR spectra of pure water [29] and [C 4 C 1 im]Cl [30] had been previously studied. In this work, we mainly focused on the stretching vibration regions of OH and CH x on imidazolium ring which represent the structural changes in water and
For the spectra of O−H in water molecules shown in FIG. 2(a) , a broad peak of bulk water (3000−3800 cm −1 ) represented the nonhomogeneous environment of water molecules [31] . However, limit information was directly obtained from the original IR spectra of water due to the effects of hydrogen-bonding and Fermi resonance [11] . The second derivative of the IR spectrogram can be employed to search for overlapping peak positions [32−36] , the results are shown in FIG. 2(b) . The peaks at around 3250 cm −1 were attributed to "ice-like" water with tetrahedral structures through strong hydrogen bonding, which existed in the all the investigated x IL range. The peaks at around 3420 cm −1 (corresponding to "liquid-like" water, x IL <0.25) and at around 3640 cm −1 (corresponding to slightly hydrogen-bonded water, x IL <0.12) were only observed in the water-rich region. This result implied that the water with "liquid-like" and slightly hydrogen- (FIG. S2 in supplementary materials) . Notably, these bands had a similar tendency to redshift with increasing x IL . The band frequencies were the highest in the water-rich region (0<x IL <0.06). This result can be attributed to the completely "free" positively charged cations that had a strong electron-withdrawing effect and enlivened the C−H bonds. As the x IL was increased from 0.06 to 0.50, v C4,5-H , v C2-H , v as(CH3) , v s(CH3) , and v FR(CH3) were respectively redshifted by 7, 43, 9, 7, and 8 cm −1 . The shift was due to the formation of ion pairs or small ion clusters. The decreased distance be- bonded water in the case of x IL >0.12, whereas other states of water (i.e., monomer and small cluster) still remained in the case of x IL >0.50 (FIG. 2(b) ). The aggregates of [C 4 C 1 im]Cl formed and the water molecules that functioned as bridges were speculated. The imidazolium cation is also characterized by nine ring vibrations that can easily couple with one of the δ CH or γ CH modes having the same symmetry. The in-plane R1 and R2 modes were situated at 1568 cm −1 [37, 38] . The IR spectra of R1/R2 imidazolium ring vibrations (FIG. 3(b) ) followed similar trends as that of water and The solubility reached a maximum (238.5 g/100g) at x IL =0.12, and then slowly decreased as the x IL was increased from 0.12 to 1.0. Interestingly, the solubility of 2,6-DMP followed a similar tendency to that of organosolv lignin in [C 4 C 1 im]Cl-water mixtures. The maximum solubility of organosolv lignin was also achieved at around x IL =0.12, as indicated in our previous work [5] . The differences of the microstructure and interactions of the [C 4 C 1 im]Cl-water mixtures led to the varying solubility of lignin (or 2,6-DMP). The ATR-IR analyses of [C 4 C 1 im]Cl-water-2,6-DMP will help us understand the dissolution mechanisms of lignin (or 2,6-DMP) at the molecular level.
The ATR-IR analyses of the ternary systems were conducted to probe the molecular interactions between In comparison with the [C 4 C 1 im]Cl-water binary system (FIG. 2) , the ATR-IR spectra of the ternary mixtures (FIG. 5) and the second derivative spectrogram in the 3200−3400 cm −1 range (FIG. S4 in supplementary material) revealed that the water state was scarcely changed after adding the 2,6-DMP. Notably, the exact peak position of phenolic hydroxyl stretching vibration could not be easily found, even by using the second derivation method. However, with the addition of 2,6-DMP, the original spectrum within the range of 3200−3300 cm −1 was changed, which can be assigned to the phenolic hydroxyl stretching vibration mode (FIG. 6(a) ). In comparison with the ATR-IR spectrum of pure 2,6-DMP (FIG. 6(b) ), the peak position of phenolic hydroxyl was apparently red shifted by ca.250 cm −1 , implying that strong hydrogen bonds formed with phenolic hydroxyl groups in the solution. This result was in agreement with the COSMO-RS simulation analysis by Casas et al. [39] . The main force involving the lignin dissolution process in IL was the hydrogen bonding, whereas the contribution of the electrostatic forces and van der Waals interactions were secondary and insignificant, respectively. Besides, Lateef et al. [40] supposed that ILs could interact with the terminal OH groups of lignin, subsequently disrupting the internal network within lignin molecules that results in the dissolution of lignin. (d). The band shifts of these typical groups presented various trends in the different x IL ranges. In the case of 0.01<x IL <0.06, the redshifts of the stretching bands of butyl side chain were evidently larger than those of C2-H and C4,5-H (FIG. 7(a) ). After the addition of 2,6-DMP, the ∆v C2-H and ∆v C4,5-H basically remained unchanged, but the ∆ v s(CH3) was decreased by more than 2 cm −1 . The above results indicated that the hydrophobic butyl chain was superior to C2-H or C4,5-H for interacting with 2,6-DMP. This phenomenon may be due to the fact that C2-H and C4,5-H were connected to water by hydrogen bonds, whereas the butyl chain was relatively "free" in the mixtures.
The changes in the R1/R2 vibrations of the imidazole ring were also studied (FIG. 7(b) ). At a low x IL (0.01<x IL <0.06), the R1/R2 ring vibrations were redshifted by more than 4 cm −1 (x IL =0.01) after adding the 2,6-DMP into the solution. At the same time, the benzene skeleton vibration of 2,6-DMP appeared at high frequencies (FIG. 7(c) ). It was attributed to the interactions between the imidazolium cation and the benzene ring via π-π stacking. In addition, the color changes of the solutions in water-rich regions (0.01<x IL <0.06) after adding 2,6-DMP attracted our attention (FIG. S5 in supplementary materials) . The imidazolium cation can polarize the benzene ring of the 2,6-DMP, which led to the delocalization of conjugated electrons, thus causing the color change of the solutions. In view of the frequency changes in the methoxy group of 2,6-DMP (FIG. 7(d) ), we inferred that a dispersion force (interactions with non-polar fragments [39] ) existed between the butyl chain of cations and the methoxy group of 2,6-DMP. When lignin model compounds (2-methoxyphenol and 3,5-dimethoxybenzyl alcohol) were dissolved in IL, the apparent 13 C-NMR chemical shifts of methoxy group were also noticed by Pu et al. [41] .
A break point was observed in C−H stretching and R1/R2 ring vibrations at x IL =0.12. Break points are indicative of qualitative changes in solution structures due to the formation of ion pairs. Interestingly, the maximum 2,6-DMP solubility was also achieved at this x IL . In the case of ion pairs being formed (0.06<x IL <0.50), the 2,6-DMP interacted with both [C 4 C 1 im] + and Cl − . These interactions further increased the distances between the cations and the anions. The increased distances may result in the blueshift of v C2-H , v C4,5-H (FIG. 7(a) ). The band redshifts of butyl side chain can be interpreted as the decrease in dispersion force. It corresponded to the decrease in "free" hydrated ions. The decrease in the frequency shifts of the R1/R2 imidazole ring may represent the weakened π-π stacking effect (FIG. 7(b) ). Meanwhile, the apparent redshift of phenolic hydroxyl bending (δ s(O-H) ) of 2,6-DMP was approximately 5 cm −1 (FIG. 7(d) ), indicating that the hydrogen-bonding between water (or Cl − anions) and the phenolic hydroxyl groups was increased.
In the case of x IL >0.50, the aggregate state of the IL was formed. The [C 4 C 1 im] + cations could shield the Cl − anions and the water molecules from interacting with the 2,6-DMP. These events directly led to the blueshift of phenolic hydroxyl groups because of the lack of hydrogen bonds (FIG. 7(d) ). Ji et al. [42] investigated the mechanism of lignin dissolution in 1-allyl-3-methylimidazolium chloride (AmimCl) using 1-(4-methoxyphenyl)-2-methoxyethanol (LigOH) as lignin model compound. Their theoretical study indicated that hydrogen bonds decreased with the increase of x IL (relative to H 2 O), which was in agreement with our previous results about solubility parameters calculation [5] . However, they proposed that the addition of 1−3 mol H 2 O (based on n AmimCl ) significantly decreased the solubility of lignin in IL because water competed with the IL to form hydrogen bonds with the lignin. This finding was inconsistent with our results about solubility of lignin [5] (FIG. 2) , wherein the relatively weaker hydrogen-bonded liquid-like water clusters decomposed into monomers or oligomers of water molecules.
The variation of 2,6-DMP solubility with increasing x IL (FIG. 4) However, the ion concentration was so limited that water clusters hindered the 2,6-DMP dissolution. Even when the hydrated ion pairs formed, the cations and anions were more "free" than that involved in the aggregates. In addition, the slightly hydrogen-bonded water clusters were completely destroyed in the case of x IL =0.12. It may be one of the main reasons that the maximum solubility of 2,6-DMP was achieved in this case. After the formation of ion pairs or aggregates (especially at x IL >0.12), the compact structure of [C 4 C 1 im]Cl formed through interactions between cations and anions and the "active" sites that interacted with 2,6-DMP decreased, which may result in the decrease of the solubility of 2,6-DMP.
IV. CONCLUSION
The molecular interactions of [C 4 C 1 im]Cl-water-2,6-DMP ternary mixtures and the [C 4 C 1 im]Cl-water binary mixtures were investigated via ATR-IR spectroscopy. The results indicated that 2,6-DMP solubility depended on the variation of molecular interactions and microstructure of [C 4 C 1 im]Cl-water mixtures. The possible mechanisms of 2,6-DMP were also proposed. To a certain extent, lignin dissolution in the IL-water mixtures was believed to follow a similar mechanism. However, the dissolution of lignin is rather more complex than that of 2,6-DMP because of its amorphous polymer structure. This study contributes to understand- 
